To better understand the role of Opa in gonococcal infections, we created and characterized a derivative of MS11 (MS11⌬opa) that had the coding sequence for all 11 Opa proteins deleted. The MS11⌬opa bacterium lost the ability to bind to purified lipooligosaccharide (LOS). While nonpiliated MS11⌬opa and nonpiliated Opa-expressing MS11 cells grew at the same rate, nonpiliated MS11⌬opa cells rarely formed clumps of more than four bacteria when grown in broth with vigorous shaking. Using flow cytometry analysis, we demonstrated that MS11⌬opa produced a homogeneous population of bacteria that failed to bind monoclonal antibody (MAb) 4B12, a MAb specific for Opa. Opa-expressing MS11 cells consisted of two predominant populations, where ϳ85% bound MAb 4B12 to a significant level and the other population bound little if any MAb. Approximately 90% of bacteria isolated from a phenotypically Opa-negative colony (a colony that does not refract light) failed to bind MAb 4B12; the remaining 10% bound MAb to various degrees. Piliated MS11⌬opa cells formed dispersed microcolonies on ME180 cells which were visually distinct from those of piliated Opa-expressing MS11 cells. When Opa expression was reintroduced into MS11⌬opa, the adherence ability of the strain recovered to wild-type levels. These data indicate that Opa contributes to both bacterium-bacterium and bacterium-host cell interactions.
T he opacity-associated (Opa) family of proteins of Neisseria gonorrhoeae was first described by Swanson (44, 45) in the late 1970s. These proteins were so named because their expression contributed to an opaque phenotype when agar-grown colonies were observed with oblique light under a dissecting microscope. Colonies that failed to express this protein were described as being transparent. It was discovered soon after that the transition between the opaque and transparent phenotypes occurs at a very high frequency (28) . Subsequent genetic analyses of the genes responsible for the opaque phenotype demonstrated that most gonococcal strains contain 11 highly related opa genes, each with their own promoter (2) . The regulation of the expression of these genes is complicated, in that the number of pentameric repeat sequences (CTCTT) contained within the coding sequence (42) varies at a high frequency, due to slipped-strand mispairing during DNA replication (31) , producing genes whose coding regions are either in or out of frame. However, all loci are transcribed within a single bacterium irrespective of whether the DNA sequence encoding Opa is in or out of frame (42) . Since the transcription of opa in the gonococcus is constitutive, and because Opa was shown to be expressed at low levels from an out-of-frame gene when cloned into Escherichia coli (43) , it suggests that in any gonococcal cell, all 11 Opa proteins could be expressed albeit at very low levels if the gene is out of frame. Hence, bacteria derived from a single colony actually represent a heterogeneous population with respect to Opa expression, and few of these bacteria are truly Opa negative.
Opa proteins are expressed in vivo, and variation in expression occurs during infection (22, 23, 38, 46 ). There appears to be strong in vivo selection for Opa expression in men, as bacteria isolated from men inoculated with phenotypically Opa-negative gonococci (bacteria derived from a single colony that fails to refract light) are usually Opa expressing (23, 46) . Cole et al. (9) , using a derivative of FA1090 that was genetically devoid of opa, showed previously that the expression of Opa increased gonococcal fitness in the female mouse genital tract due to a factor under ovarian control. Depending on the predominant opa allele expressed, gonococci are capable of interacting with a variety of epithelial cells (11, 25, 55) or human neutrophils (7, 24) . For example, Waldbeser et al. (53) showed previously that when expressed in N. gonorrhoeae strain MS11, opaH significantly improved its ability to invade HEC-1-B cells. These interactions seem to be mediated primarily by Opa binding to carcinoembryonic antigen-related cell adhesion molecules (CEACAMs). Opa expression was also shown to contribute to the aggregation of gonococci (16, 44) . This aggregation involves heterophilic binding between Opa and the lacto-N-neotetraose lipooligosaccharide (LOS) (5) .
The alignment of sequenced opa genes, as well as predictions of protein structure based on this sequence analysis, suggests that Opa is a modular protein (2) . Four surface-exposed loops, defined as semivariable (SV), hypervariable 1 (HV1), HV2, and conserved (L4) (26) , are found in all Opa proteins. Variation in the composition of these loops has been shown to impact gonococcal cellhost cell interactions due to the ability of Opa variants to bind receptors on human cells (50) , usually CEACAM (51) or heparin sulfate proteoglycans (48) . Recombination among opa genes generates new coding sequences and increases structural variability in Opa proteins (10) . The relative contributions of recombination and mutation to the diversification of the opa gene repertoire have been determined (3) , and these genes have been found to change at a higher rate than other gonococcal surface proteins. While Opa proteins are genetically variable (58) , their receptor binding ability must be maintained for their in vivo function. Since in a population of gonococci, all opa genes have the potential to be expressed, it is impossible to determine specific functional attributes of individual Opa proteins with certainty. Given the diversity of functions ascribed to Opa proteins and the elevated mutation rate of opa genes, we decided to generate a strain devoid of all opa genes, in order to better define the contributions of Opa proteins to gonococcal biology.
MATERIALS AND METHODS
Bacterial strains and culture conditions. All strains used in this study are described in Table 1 . Neisseria strains were grown in phosphate-buffered gonococcal medium (Difco) supplemented with 20 mM glucose and growth supplements (57) either in broth with the addition of 0.042% NaHCO 3 or on agar at 37°C in an incubator with 5% CO 2 . E. coli strains were grown on Luria-Bertani medium (37) . The concentration of kanamycin and spectinomycin used was 50 g/ml, ampicillin was used at 30 g/ml, and X-Gal (5-bomo-4-chloro-3-indolyl-␤-D-galactopyranoside) was used at 35 g/ml. Piliated (P ϩ ) or nonpiliated (P Ϫ ) bacteria were used to select colonies for subsequent manipulation (
based on their light refraction phenotypes under a dissecting microscope. Opa expression was verified by Western blot or colony blot analysis using Opa-specific monoclonal antibody (MAb) 4B12.
Cell lines. ME180 cells, a human cervical epidermal carcinoma cell line, were maintained in RPMI 1640 supplemented with 10% fetal bovine serum (FBS) . To analyze bacterial attachment, ME180 cells were cultured on coverslips for 2 days. Nonpiliated MS11Opa ϩ or MS11⌬opa bacteria were added at a multiplicity of infection (MOI) of 10:1. After 3 h of incubation, cells were washed, fixed, and analyzed by light or confocal microscopy.
Chemicals, reagents, and enzymes. Restriction enzymes and T4 DNA ligase were purchased from New England Biolabs (Beverly, MA). All chemicals used for this study were reagent grade or better and were purchased from Sigma Chemical Co. (St. Louis, MO), unless otherwise specified. Tris-Tricine gels (16.5%) and running buffer were obtained from Bio-Rad Laboratories (Richmond, CA).
DNA procedures.
Chromosomal DNA was isolated by using a Wizard genomic DNA purification kit (Promega, Madison, WI). Plasmid DNA was isolated by the Birnboim-Doly alkaline lysis method (4) . Primers used in this study are listed in Table 2 . PCR was performed by using the Expand Long Template PCR kit (Roche, Indianapolis, IN), according to the manufacturer's specifications. Primers were purchased from Integrated DNA Technologies (Coralville, IA). PCR mixtures were resolved on 1% agarose gels containing 500 g/ml of ethidium bromide in Tris-borate-EDTA (TBE) running buffer (37) . PCR mixtures were cleaned by using the QIAquick PCR purification kit (Qiagen, Valencia, CA). All primers used are listed in Table 3 . The sequencing of PCR products was performed by Macrogen Inc. (Seoul, South Korea).
Cloning of PCR products and construction of plasmids. The general strategy used for cloning can be found in Fig. 1 . The Opa-encoding DNA fragments were digested with specific restriction enzymes whose recognition sequences had been incorporated into the PCR primers. The same restriction enzymes were used to digest plasmid pUC19, and the DNA was ligated into pUC19 and transformed into E. coli DH5␣mcr cells. White colonies were chosen after plating onto LB medium plus ampicillin and X-Gal. To delete the Opa-encoding DNA, primers were designed to amplify a sequence around the coding region. Since the PCR primers used contained a restriction enzyme recognition site, the amplicon was digested with the appropriate restriction enzyme, ligated, and transformed into E. coli DH5␣mcr cells. To allow for the selection of transformants carrying the opa deletion, a spectinomycin resistance cassette was amplified from plasmid pHP45 (34) , digested with the appropriate enzyme, and inserted in the appropriate sites of the various opa deletion plasmids. Spectinomycin-resistant transformants of E. coli DH5␣mcr were isolated. To generate an variant of MS11⌬opa that expresses Opa, the opaH gene was amplified from pEMK31 (24), using primers pTRCF-BglII and pTRCR-BglII, and cloned into a BamHI site that was introduced into pOpa5s (genomic location in FA1090 at bp 1530893 to 1533166), which had been modified to contain a unique BamHI site using primers Omega BamHI and Opa3=del-BamHI, creating pOpa5s::OpaH. The expression of this gene was induced by using the lac promoter found in the pEML31 vector. To generate a variant of MS11⌬opa that expressed a truncated LOS, we transformed MS11⌬opa with pDCB19⍀BsrGI (8) , producing a strain with a nonfunctional lgtA gene.
Transformation. Transformation-competent E. coli cells (strain DH5␣mcr) were prepared according to a procedure described previously by Inoue et al. (21) and stored at Ϫ80°C. To prepare cells for transforma- tion, cells were thawed on ice, DNA was added, and the mixture was incubated on ice for 10 min. The bacteria were heat shocked at 37°C for 2 min, the total volume in the tube was increased to 1 ml by the addition of LB broth, and the transformation mixture was incubated at 37°C for 30 min to 1 h to allow the bacteria to recover and begin expressing antibiotic resistance proteins. Transformed bacteria were plated onto LB agar plates containing appropriate antibiotics and, if necessary, X-Gal. For the transformation of N. gonorrhoeae, piliated bacteria were resuspended to a light turbidity (1 ϫ 10 7 CFU/ml) in 1 ml gonococcal medium base lacking agar (GCK) containing 10 mM MgCl 2 , Kellogg's supplement, and 0.42% NaHCO 3 . DNA was added to the culture, and the bacteria were incubated at 37°C with shaking for 2 to 6 h. Bacteria were plated onto GCK agar plates containing the appropriate antibiotic, and the plates were incubated for 36 to 48 h. When transformations were performed under nonselective conditions, a spot transformation procedure was used (17) . For transformation, two piliated colonies were resuspended in 100 l gonococcal medium base lacking agar (GCP) containing 200 mM MgCl 2 , 0.42% NaHCO 3 , and Kellogg's supplement. The cell suspension was diluted 1:10, and additional 2-fold serial dilutions were then carried out 9 times. An aliquot (5 l) of each suspension was spotted onto a GCK agar plate. Five microliters of DNA was added to each spot. After incubation overnight at 37°C with 4% CO 2 , individual colonies were isolated and struck for isolation on GCK agar plates. The next day, individual colonies were inoculated onto GCK and spectinomycin-containing GCK agar plates. This procedure was repeated until spectinomycin-sensitive colonies were obtained. The correct replacement of the desired DNA fragment by the transformation process was verified by PCR amplification of the desired region and restriction digestion analysis of the PCR amplicon or direct DNA sequencing of the PCR amplicon. Generally, each transformant was passaged twice for each strain construction/identification. Southern blotting. Digested chromosomal DNAs were electrophoresed on a 1% TBE agarose gel (37), transferred onto Genescreen (DuPont, Wilmington, DE) membranes using an alkaline transfer method described previously by Reed and Mann (35) , and fixed onto the membrane by UV exposure (1.5 J sq cm). The visualization of hybridization was accomplished by the use of Lumi-Phos and the Genius kit (Boehringer Mannheim, Indianapolis, IN). All of the steps were performed according to the manufacturer's protocol, except for the following steps: membranes were washed with 1ϫ SSC (1ϫ SSC is 0.15 M NaCl plus 0.015 M sodium citrate)-0.1% SDS and 0.1ϫ SSC-0.1% SDS at 65°C; nonfat dry milk (1%) was used as the blocking agent and in the hybridization 
Cloning designation is shorthand for the primers described in Table 3. solution; and the antidigoxigenin antibody was diluted 1:10,000 instead of 1:5,000. LOS purification and analysis. Purified LOS was obtained from broth-grown bacteria through the hot-phenol method followed by lyophilization (56) . Quick preparations of gonococcal LOS were prepared from plated cultures, as described previously by Hitchcock and Brown (20) , where the sample was diluted 1:25 in lysing buffer and boiled for 10 min immediately before loading. Approximately 0.1 g of LOS was subjected to sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) on a 16.5% Tris-Tricine gel (Bio-Rad, Hercules, CA) in Tris-Tricine running buffer, according to the protocol suggested by the manufacturer. The gel was fixed overnight in 40% ethanol-5% acetic acid, and the LOS was visualized by silver staining (47) .
Immunological methods. To visualize surface-expressed proteins, bacterial cell lysates were prepared by resuspending agar-grown bacteria in phosphate-buffered saline (PBS) to a turbidity of 100 Klett units, with a 1-ml aliquot removed, and the bacteria were collected by centrifugation in a microcentrifuge. The pellet was resuspended in 50 l of gel loading buffer and analyzed by SDS-PAGE. Western blots were probed with a polyclonal goat antibody that was generated by using equal numbers of Opa-expressing, piliated MS11, FA1090, and F62 bacteria as the immunogen or with Opa-specific MAb 4B12. When colony blot analysis was performed, colonies grown overnight were transferred onto a nitrocellulose membrane (Schleicher and Schuell, Keene, NH) and processed as described above.
Chemical conjugation of Texas Red to LOS. LOS (F62⌬lgtD) (1.5 mg) was hydrolyzed at 100°C for 2 h in aqueous 6% (vol/vol) acetic acid (2.0 ml). The lipid precipitate was removed by centrifugation (5,000 rpm for 10 min), and the supernatant was concentrated in vacuo. Phosphoethanolamine residues on the oligosaccharide were utilized for the preparation of the oligosaccharide-Texas Red conjugate. The dried oligosaccharide was dissolved in 1.0 ml of 0.1 M aqueous sodium bicarbonate and mixed with 0.5 ml of Texas Red-X succinimidyl ester in acetone (1.4 mg/ml; Invitrogen). The resulting mixture was stirred for 6 h at room temperature, 0.5 ml of Texas Red-X succinimidyl ester in acetone was added to the reaction mixture, and the solution was stirred for an additional 18 h. The oligosaccharide-Texas Red conjugate was precipitated by the addition of 5.0 ml of acetone and collected by centrifugation (5,000 rpm for 5 min). The purification of the conjugate was performed by preparative thin-layer chromatography (TLC) (R f ϭ 0.68) (isopropanolethyl acetate-water diluted 6/1/3 [vol/vol/vol]) on silica. The precipitate was dissolved in 0.5 ml of H 2 O, spotted onto a TLC plate, and developed with methanol-dichloromethane (diluted 1/3 [vol/vol], two times) to remove hydrolyzed Texas Red, followed by a single elution using isopropanol-ethyl acetate-water (diluted 6/1/3 [vol/vol/vol]). The conjugate was physically removed from the plate, and the silica was then soaked in 2.0 ml of H 2 O and centrifuged (4,000 rpm for 5 min). This washing process was repeated two more times. The combined supernatant fractions were concentrated in vacuo, redissolved in H 2 O, and filtered through a 0.22-m membrane with a total volume of 3.0 ml of water. The presence of carbohydrates was analyzed by a phenol-sulfuric acid method (13) . Based on the extinction coefficient of Texas Red-X succinimidyl ester (ε 595 ϭ 80,000 cm Ϫ1 M Ϫ1 ; Invitrogen), the concentration of the oligosaccharideTexas Red conjugate was determined to be 25 M.
Flow cytometry analysis. Various derivatives of N. gonorrhoeae were grown on GCK plates for 20 to 24 h and resuspended in PBS to an optical density at 650 nm (OD 650 ) of 0.8. Bacterial growth was halted by incubation with 100 g/ml gentamicin sulfate for 3 h at 37°C. Bacteria (8 ϫ 10 5 bacteria/ml) were incubated overnight with MAb 4B12 at room temperature (RT) with moderate shaking, followed by incubation with AlexaFluor 405-conjugated goat anti-mouse IgG (Invitrogen), and were analyzed by using a FACSCanto II (BD Biosciences) flow cytometer. Data were analyzed with FACSDiva (BD Biosciences) software.
Immunofluorescence microscopy. Epithelial cells were seeded at 2 ϫ 10 5 cells onto coverslips in 24-well plates and cultured for 48 h. Cells were incubated with gonococci at an MOI of ϳ10 for 3 h, washed, and fixed with 4% paraformaldehyde (PFA) (Electron Microscopy Sciences, Ft. Washington, PA). The cells were stained with anti-epidermal growth factor receptor (EGFR) (CalBiochem) and/or anti-N. gonorrhoeae antibodies and analyzed by using a Zeiss LSM 710 laser scanning confocal microscope or an Axiovision fluorescence microscope.
RESULTS
Generation of a strain that lacks all opa genes. The overall strategy employed to generate MS11⌬opa is described in the legend of Fig. 1 . In order to determine the location of the coding regions of opa in MS11, we identified the location of each opa gene by searching the FA1090 genome for the presence of the CTCTT repeat sequence associated with the opa genes. We used the available genomic sequence of FA1090 to construct primer pairs that would allow the positional amplification of the opa genes (Fig. 1A) . Each amplicon was designed to contain one of the 11 opa genes, plus 1 to 2 kb of flanking DNA sequence 5= and 3= of the coding sequence. Each amplicon was cloned into pUC19 (Fig. 1B) , and the DNA sequence of the insert was determined, to verify that the cloned fragment contained the opa gene (see Fig. S1 in the supplemental material). A second PCR amplification was performed to delete the opa gene from each of the 11 clones. The deletions were made in such a way that the sequence deleted was from the first nucleotide of the TATAAT sequence of the promoter to the stop codon of the Opa-encoding sequence. A spectinomycin resistance cassette was inserted into each clone, to allow the identification of gonococcal transformants that would contain the spectinomycin resistance cassette in place of the opa gene. The spectinomycin resistance cassette was removed from each opa region by using the spot transformation procedure (17) , by retransforming spectinomycin-resistant gonococcal transformants with the original opa deletion plasmid that lacked the spectinomycin resistance cassette. The identification of spectinomycin-sensitive transformants and the loss of the spectinomycin resistance determinant were verified by PCR analysis and subsequent DNA sequence analysis of the amplicon. This strategy was repeated sequentially 11 times to delete all of the Opa-encoding regions, and the final strain was named MS11⌬opa. The successful deletion of the opa gene was verified by PCR amplification with the appropriate primer set, and the presence of the predicted increase in the amplicon size was used as an indicator that the spectinomycin cassette had recombined into the correct location. The data shown in Fig. 2 demonstrate that each primer pair generated a single amplicon. The DNA sequence obtained to verify the successful deletion of each opa gene is shown in Fig. S2 in the supplemental material. After transformation with the spectinomycin resistance cassette, each PCR product increased by the predicted ϳ700 bp (1,400 bp for the introduction of the spectinomycin cassette minus ϳ700 bp for the deletion of the opa gene).
FIG 1 Construction of opa-negative gonococci. (A) Mapping of MS11 opa
sequences on the FA1090 genome. Opa-encoding genes in the FA1090 genome (GenBank accession number AE004969) were identified by determining the location of the CTCTT repeat sequence. The locations of the previously described opa genes for FA1090 are identified on the outer ring as pFLOB designations (10) . Using homology searches between the flanking DNA sequences of the Opa sequences reported previously for MS11 (2) and the FA1090 genomic DNA sequence, the location of each opa gene was identified. The numbers in the inner circle of the map correspond to the Opa nomenclature that we assigned to the FA1090 opa genes and to the primer sets (opa 1 to opa 11) that were used to amplify each region (Table 1) . Shown is an overview of the strategy for the construction of the plasmids used to generate the opa deletions. The plasmid in panel A represents the cloning of a PCR amplicon, where the amplicon was digested with restriction endonucleases and cloned into the lacZ region of pUC19. The region of the PCR amplicon that contained the Opa-encoding region was deleted by using PCR. (B) The plasmid shown was used to remove the spectinomycin cassette from gonococcal transformants. The stippled Opa box indicates that this sequence was deleted. were amplified by PCR using the primer pairs described in Table 2 While PCR analysis of our deletion strain (Fig. 2) indicated that we successfully deleted the 11 Opa-encoding DNA sequences, it was possible that MS11 contained additional opa genes that would not have been deleted with the strategy that we employed. To demonstrate that MS11⌬opa contained no additional DNA sequences related to the opa genes, we performed a Southern hybridization experiment. The probe employed was a mixture of all of the PCR amplicons that were generated by using primers for the conserved region of the opa gene found at the beginning and at the end of the gene. With the primer set employed, the probe would contain sequences homologous to all of the known opa variable regions. The data in Fig. 3A show that the parent strain contains 12 bands, corresponding to data which Bhat and coworkers (2) generated in their original study of Opa expression in MS11. One of the opa genes contained an internal BglI site and generated two bands of approximately 800 and 2,400 bp (Fig. 3A, arrows) . There were no observable bands seen for the Opa deletion strain, demonstrating that the strain was devoid of any sequences with significant similarity to the opa genes.
To determine if the surface of MS11 differed significantly from that of MS11⌬opa, we analyzed whole-cell extracts by SDS-PAGE and immunoblotting using a polyclonal antibody that had been raised against whole cells of MS11. The data shown in Fig. 3B indicate that aside from the differences in Opa expression levels, there was no significant differences observed in antigen expression in MS11Opa ϩ and MS11⌬opa. The presence of at least one heatmodifiable Opa protein is clearly visible in Opa-expressing gonococci (Fig. 3B, lanes 1 and 4) .
To further verify that MS11⌬opa does not express Opa or any Opa-related proteins, we performed a Western blot analysis of extracts of an Opa-expressing derivative of MS11, a strain that appears to be Opa negative by light microscopy, and MS11⌬opa. The data demonstrate that MS11⌬opa failed to produce any proteins that bound to Opa-specific monoclonal antibody (MAb) 4B12 (1) (Fig. 3C) . Western blot analysis showed a low level of expression of Opa in the phenotypically Opa-negative derivative of MS11. Additional Opa bands were visible when the gel was overloaded. We analyzed the expression of LOS in the parent strain, the Opa deletion strain, and a strain that had opaH inserted into the strain in a fixed "on" configuration (the poly-CTCTT repeat sequence was modified to encode the same amino acids but with a variant DNA sequence that would prevent slipped-strand mispairing). Each of the strains expressed the same LOS, as determined by their electrophoretic profiles (Fig. 3D) .
In order to assess the expression level of Opa within a population of bacteria, we used flow cytometry analysis. We were unable to detect any binding of MAb 4B12 to strain MS11⌬opa (Fig. 4B) . While ϳ85% of bacteria in a preparation selected for Opa expression were positive for 4B12 binding, a small population of the bacteria was negative for Opa MAb staining (Fig. 4F) . While most bacteria (90%) in a population of phenotypically Opa-negative cells failed to produce detectable Opa, there was a fraction of bacteria showing Opa staining, and this subpopulation of bacteria displayed a wide range of MAb 4B12 binding (Fig. 4D) . The various ranges of MAb 4B12 binding in a phenotypically Opa-negative strain provide further support that a phenotypically Opa-negative strain represents a diverse population of cells. Since we could not detect any additional opa sequences, or any protein binding to an Opa-specific antibody, we concluded that MS11⌬opa is devoid of Opa expression.
Phenotypic properties of MS11⌬opa. To determine the impact of the opa deletions on the strain's ability to grow in broth, we compared the growths of nonpiliated variants of Opa-expressing MS11, a strain that is phenotypically Opa negative (MS11Opa Ϫ ), and MS11⌬opa. The three strains produced similar growth curves (Fig. 5) , indicating that MS11⌬opa did not possess any significant in vitro growth defects. We found that MS11 and MS11⌬opa had similar sensitivities to gentamicin (MIC, ϳ6 g/ml), indicating that neither strain would have a selective advantage in the gentamicin protection assays.
Opa has been implicated in a variety of biological properties, including its lectin-like properties, which render it capable of binding to the LOS on adjacent bacteria (5) . To examine the LOS binding property of Opa, we conjugated a fluorochrome to the lacto-N-neotetraose LOS and determined its ability to bind gonococcal strains that express or do not express Opa. As shown in Fig.  6 , the Opa-expressing strain was readily labeled with the fluores- opa Deletion Strain of N. gonorrhoeae cently labeled LOS, while the Opa deletion strain failed to bind significant amounts of LOS. These data suggest that Opa is the only protein expressed by the gonococcus that can bind the lacto-N-neotetraose LOS. Interestingly, some of the phenotypically Opa-negative bacteria showed intermediate to strong LOS staining (Fig. 6C) , indicating that some bacteria in a phenotypically Opa-negative colony still express a significant amount of Opa. This is consistent with our flow cytometry data (Fig. 4D) .
Swanson (44) noted previously that when gonococci expressed Opa, they formed tight associations with neighboring gonococci, while phenotypically Opa-negative colonies failed to produce these tight zones of adhesion. This finding suggests that the clumping phenotype observed, especially in the absence of pili, would be due to Opa-LOS interactions. To examine the effect of the opa gene deletion on bacterium-bacterium interactions, we analyzed the microscopic organization of broth-grown gonococci. Piliated Opa-expressing gonococci form large clusters of bacteria, while piliated Opa-negative bacteria appear largely as dispersed bacteria, rarely forming clusters of more than 4 cells (Fig. 7) . Bacteria that were phenotypically Opa negative appeared to be intermediate in their ability to form clusters, consistent with our observation that approximately 10% of bacteria selected for an Opa-negative phenotype express various levels of Opa. Since there was no difference in LOS expression levels in these strains (Fig. 3D) , this confirms that the changes in bacterium-bacterium interactions and colony morphology were due to the deletion of opa and not to variations in LOS expression levels.
Impact of Opa deletions on the interaction of gonococci with human epithelial cells. We compared the interactions of piliated Opa-expressing, phenotypically Opa-negative, and MS11⌬opa bacteria with the human cervical epithelial cell line ME180. While all bacterial variants were able to form microcolonies, the adherent Opa-expressing bacteria produced tight clusters within the colony (Fig. 8A and D) , while the ⌬opa bacteria appeared as disperse and loose clusters on ME180 cells (Fig. 8C and F) . Phenotypically Opa-negative gonococci appeared to be intermediate in their binding to each other on ME180 cells, with some bacteria binding tightly to neighboring bacteria and others appearing at a distance ( Fig. 8B and E) .
Because the pilE sequences for each of these strains were different (data not shown), the differences observed could have been due to alterations on the pili. We repeated the adhesion assays using nonpiliated bacteria and phase-contrast microscopy coupled with immunostaining to visualize gonococci and demonstrate the binding capabilities of the various strains, independent of pili. Because we had previously shown that the lacto-N-neotetraose LOS promotes gonococcal binding to ME180 cells in the absence of significant levels of Opa (40), we constructed a derivative of MS11⌬opa that was deficient in LgtA, thereby eliminating were inoculated in a 100-ml Klett flask containing 10 ml GCP broth plus growth supplements and incubated at 37°C with shaking, and the turbidity of the culture was measured every hour. OE, wild-type MS11; OE, MS11Opa Ϫ ; ᭜, MS11⌬opa.
the expression of the lacto-N-neotetraose LOS. We constructed an isogenic derivative of MS11⌬opa that expressed OpaH. This Opa protein was chosen because Bos et al. (6) demonstrated previously that OpaH was involved in epithelial cell invasion. The data shown in Fig. 9A demonstrate that nonpiliated Opa-expressing MS11 cells readily attach to ME180 cells, producing large foci of attachment on almost all cells. The ability of MS11⌬opa to attach to ME180 cells, while reduced, still produced a small number of adherent clusters (Fig. 9B) . When the lacto-N-neotetraose LOS was removed from this strain by deleting the expression of LgtA, rarely did we see gonococci attached to ME180 cells, and when attached, gonococci appeared as a single diplococcus (Fig. 9C) . The introduction of OpaH into MS11⌬opa restored the ability of MS11⌬opa cells to attach to ME180 cells, indicating that gonococci need only a single Opa protein for efficient attachment to ME180 cells in the absence of pili. This indicates the importance of pili in initiating microcolony formation and a role of Opa in mediating the intimate interaction between bacteria and the attachment to epithelial cells. 
DISCUSSION
Previous studies of N. gonorrhoeae invasion of epithelial cells identified several gonococcal surface molecules, including Opa, pili, and LOS, that interact with various receptors on eukaryotic cells (see reference 49 for a review of gonococcal cell-host cell interactions). It has been difficult to define the role of individual molecules in the disease process, because the challenge dose can influence the clinical outcome of disease (33) , the expression of all of the major surface molecules can vary (58) , and the gonococcus can cause a variety of clinical diseases (15) .
The importance of Opa in gonococcal infection has been implicated by many studies both in vivo and in vitro, underscored by the selective recovery of opaque organisms from experimentally infected men (23) . While the role of Opa in neisserial infections has been extensively studied, the interpretation of the data is confounded by the fact that Opa can engage multiple host receptors expressed on a variety of cell types (see reference 36 for a recent review). Furthermore, most results were generated by comparing Opa-positive bacteria to bacteria that were phenotypically Opa negative. Flow cytometry data reported previously by Voges and coworkers (52) demonstrated that phenotypically Opa-negative gonococci bind a low level of green fluorescent protein (GFP)-labeled CEACAMs, supporting our premise that phenotypically Opa-negative bacteria express detectable levels of Opa. By using three different approaches, Western blotting, flow cytometry, and fluorescence microscopy, our data clearly demonstrate that in a population of phenotypically Opa-negative bacteria, there is a subpopulation that expresses Opa to various degrees.
Since it is impossible to isolate a spontaneous mutant gonococcal strain that is 100% Opa negative, it was necessary to construct a strain that truly fails to express Opa in order to better understand the contributions of Opa to gonococcal biology. In this study, we constructed a derivative of MS11 that is genetically devoid of all opa genes. While the strategy employed for the construction of this deletion strain was straightforward, we experienced some significant difficulties in executing the construction of the strain. The biggest problem was the misincorporation of the spectinomycinresistant gene aadA into locations other than the targeted region, even when the transforming DNA contained about 1,000 bp of flanking sequence on both ends of the construct. This is most likely a reflection of the short regions of homology needed for homologous recombination (41) and the high degree of repetitive sequences flanking the Opa-encoding genes (D. C. Stein, unpublished observations).
The characterization of MS11⌬opa indicated that while it did not have any appreciable differences in growth or outer membrane protein profiles, compared to MS11, it differed significantly from Opa-expressing or phenotypically Opa-negative bacteria with respect to its ability to interact with other gonococci. In contrast to Opa-expressing strains, MS11⌬opa bacteria failed to form large clumps when grown in broth with vigorous shaking or failed to form compact microcolonies when interacting with human epithelial cells in culture.
To initiate infection, piliated gonococci attach to cells as individual diplococci and/or microcolonies and induce dramatic changes in epithelial cells at the site of attachment (29) . Higashi and coworkers (18) showed previously that individual gonococci and small microcolonies migrate laterally on the cell surface, eventually forming larger microcolonies. Those researchers proposed that attachment proceeds in distinct stages, involving an initial loose attachment followed by microcolony formation and microvillus deformation of host cells, with subsequent microcolony dispersal and intimate attachment. These studies clearly define the importance of pili in initiating colonization (18) ; however, what mediates gonococcus-gonococcus interactions and microcolony formation on the host cell surface has not been fully understood. Our findings that MS11⌬opa fails to bind LOS and to form tight microcolonies in culture and on epithelial cells indicate the involvement of Opa-LOS interactions in microcolony formation.
Previous examinations of urethral epithelial cells isolated from naturally infected males showed that most intracellular gonococci are found as individual or small clumps of bacteria (32, 54) . Previous tissue culture studies using HEC-1-B cells and a low MOI were able to replicate this observation in vitro (39) . Gonococci appear to enter HEC-1-B cells as individual bacteria and then replicate in the cells to produce intracellular inclusions of bacteria (39) . Although gonococcal microcolonies are able to interact with and induce membrane ruffling on epithelial cells (14) , the bulk of the vacuoles containing intracellular gonococci rarely contain more than a few bacteria (19, 30) . This suggests that the clumping of gonococci is actually a deterrent to cellular invasion.
Based on the data presented in this paper and considering the wealth of published data concerning the role of Opa proteins in gonococcal pathogenesis, we have developed the following model to explain gonococcal invasion of host cells. We postulate that most gonococci found on the surface of an epithelial cell fail to invade, because the large and tight microcolony formed by strong bacterium-bacterium interactions prevents efficient phagocytosis by epithelial cells. A weakening of the interaction between individual diplococci leads to the formation of dispersed and small microcolonies. Individual gonococci are better able to move away from a dispersed gonococcal microcolony, through the actions of twitching motility, and have a better chance than those in a tight and large microcolony to interact directly with host cells. The smaller size of microcolonies and the increase in bacterial cell-host cell interactions would then facilitate gonococcal invasion. The interaction between individual diplococci can be regulated by the phase variation of gonococcal surface molecules and by the expression of contact-dependent gonococcal genes (12) . Our finding that MS11⌬opa is inefficient at forming compact microcolonies suggests that in addition to direct interactions with host cell receptors, Opa can modulate gonococcal invasion by altering the interactions between individual gonococci. This observation can explain why most gonococcal infections in women fail to lead to disseminated infection. Since Opa expression leads to the formation of large microcolonies, this would reduce the invasive potential of the organism. These microcolonies would then be phagocytosed by innate immune cells in the reproductive tract or would be eliminated during the monthly shedding of epithelial cells.
